the association between the previously reported variant rs2305089 and risk of familial [odds ratio (Or) = 2.6, 95 % confidence interval (CI) = 0.93, 7.25, P = 0.067] and sporadic chordoma (Or = 2.85, 95 % CI = 1.89, 4.29, P < 0.0001). We also identified a second common variant, rs1056048, that was strongly associated with chordoma in families (Or = 4.14, 95 % CI = 1.43, 11.92, P = 0.0086). among sporadic cases, another common variant (rs3816300) was significantly associated with risk when jointly analyzed with rs2305089. the association with rs3816300 was significantly stronger in cases with early age onset. In addition, we identified three rare variants that were only observed among sporadic chordoma cases, all of which have potential functional relevance based on in silico predictions. Finally, we did not observe T duplication in any sporadic chordoma case. Our findings further highlight the importance of the T gene in the pathogenesis of both familial and sporadic chordoma and suggest a complex susceptibility related to T.
Introduction
Chordoma (MIM 215400) is a rare bone cancer, with an age-adjusted incidence rate of less than 0.1 per 100,000 in the United states (smoll et al. 2013) . It is thought to originate from notochord remnants and occurs almost exclusively in the axial skeleton where it is distributed nearly equally among cranial, vertebral and sacral sites (McMaster et al. 2001) . Chordoma occurs more frequently in males than females (1.6:1) and in Caucasians than african-americans (4:1), and is diagnosed at a median age of 58 years with a range from infancy to over 90 (McMaster et al. 2001; smoll et al. 2013) . treatment of chordomas is predominantly surgical, followed by radiotherapy (Healey and lane 1989; rich et al. 1985; tai et al. 1995) . Based on the analysis using data up to 2009 from the national Cancer Institute's surveillance epidemiology, and end results (seer) 18 registries, the median survival of chordoma patients was 7.7 years and the age-standardized 5-and 10-year survival rates were 72 and 48 %, respectively (smoll et al. 2013) .
although etiologic factors for this rare cancer are largely unknown, the T gene, which encodes the protein brachyury, has been implicated in its pathogenesis (vujovic et al. 2006; Presneau et al. 2011) . Brachyury is a tissue-specific transcription factor expressed in the nucleus of notochord cells (Kispert et al. 1995) and is essential for proper notochord development and maintenance (Kispert and Herrmann 1994) . We previously identified germline T duplication as a major susceptibility mechanism in several chordoma families (Yang et al. 2009 ). recently, Pillay et al. (2012) identified a common genetic variant in T (rs2305089) that was significantly associated with the risk of sporadic chordoma, further highlighting the importance of T in chordoma pathogenesis. However, the exact role of this common variant (~50 % among Caucasians) in such a rare tumor remains unclear. In a recent study investigating skull-based chordoma patients among Chinese, rs2305089 was not significantly associated with chordoma risk (Wu et al. 2013) , suggesting that the risk associated with this variant may vary by tumor site or ethnicity.
to further characterize T germline variants and their associations with chordoma risk, we sequenced all T exons and measured T copy number variations (Cnvs) in the largest collection of chordoma cases with germline Dna available to date, consisting of 24 familial cases from eight chordoma families and 103 sporadic chordoma cases.
Methods

study population
We have ascertained nine chordoma families with two or more affected members in each family and included eight of them in this examination based on Dna availability. six families were previously described (Yang et al. 2009 ) and the two new families included in this study (Families 5 and 9) had three and two chordoma cases, respectively (table 1, supplementary Fig. 1 ). In Family 5, there is only one confirmed chordoma case (the proband's father). the proband had a notochord remnant of the clivus (ecchordosis physaliphora) confirmed by histopathology at autopsy. a third relative (the proband's nephew) had a bilobed lesion associated with the clivus on magnetic resonance images, which is suspected to be a chordoma. We considered these two suspected cases as chordoma cases in this analysis. One previously reported family had a T duplication [Family 3 from Yang et al. (2009) ] but was not included in the current study because Dna was not available.
sporadic cases (N = 103) were recruited from the United states or Canada and a subset of them was evaluated at the nIH Clinical Center. Controls were healthy unrelated individuals who were participants in family studies unrelated to chordoma. all study subjects were Caucasians. Both the family and sporadic chordoma studies were approved by institutional review boards at the national Cancer Institute and all participants provided written informed consent.
Quantitative PCr
We performed quantitative real-time PCr (qPCr) using the taqMan assay with an aBI 7000 sequence detection system to measure T copy number variations (Cnvs) in blood-derived We designed a custom-made fine-tiling array specifically targeting the 6q27 region (average probe spacing, 220 bp) using agilent CGH arrays (8 × 60 k). For this analysis, we selected five samples with either suggestive positive or inconsistent Cnv calls by qPCr as well as a positive control sample (a familial chordoma case with T duplication). the reference sample was a pool of six male individuals (Promega, Madison, WI) provided by Oxford Gene technology, Inc. (UK). 500 ng of test and reference Dna was labeled with Cy3 and Cy5, respectively, and co-hybridized to the array slides. all experimental procedures and data analyses were described previously (Yang et al. 2009 ).
T gene sequencing a custom set of ampliseqtM primers from life technologies was used to amplify the coding region of the T gene. the primers were created using the primer design engine at http://www.ampliseq.com. 40 ng of genomic Dna was used for each sample. the ampliseqtM process was performed according to the official process documentation found on the Ion Community (http://www.ioncommunity. lifetechnologies.com). the samples were quality checked for proper amplicon length and quantity on the agilent Bioanalyzer and were then sequenced according to the current Ion torrent template and sequencing preparation documentation. each PGM Ion 316 sequencing run consisted of 96 barcoded samples with randomized platform position. the resulting sequencing data yielded coverage for each amplicon >300X in depth. single nucleotide substitutions were identified and quality filtered with the Genome analysis toolkit (GatK) (DePristo et al. 2011) . to ensure the accuracy of the variant call, we included only variants that were called by both GatK and the torrent variant caller.
variant annotation
We used computational tools including PolyPhen-2, sIFt, Provean, Mutationassessor, and Mutationtaster to predict the potential impact of sequence variants on protein function. We also obtained conservation scores using GerP, PhastCons, and PhyloP, as well as ProPhyler to predict mutation impact based on evolutionary constraint analyses.
statistical analyses
For the analysis of chordoma families, odds ratios (Ors) and 95 % confidence intervals (95 % CIs) were obtained from conditional logistic regression models by comparing cases to all unaffected subjects (spouses and unaffected family members combined), conditioning on family to account for the ascertainment. although this approach ignores residual correlation among family members, it gives estimates that are attenuated toward the null and thus is considered conservative (Pfeiffer et al. 2001) . We also used an independent approach, a generalized estimating equation with the independence working correlation matrix, to account for familial correlation and observed similar results, and we therefore only present the results obtained from the conditional logistic regression analysis. Unconditional logistic regression was used for the analysis comparing sporadic cases to unrelated controls and Mantel-Haenszel was used for the analysis comparing sporadic cases to esP ea controls. For each snP, we calculated the P trend based on the three-level ordinal genotype variable (0, 1, 2) that counted the number of minor alleles using the homozygous common allele genotype as the referent group. adjusting for age and gender did not substantially alter the results (data not shown). We used sas (version 9.3, sas Institute, Inc., Cary, nC, Usa) software for all analyses.
Results
We included eight chordoma families in this examination based on Dna availability. six families were previously described (three with T germline duplications and three without) (Yang et al. 2009 ). the two new families (Families 5 and 9) had three and two chordoma cases, respectively (table 1, supplementary Fig. 1 ). We also evaluated 103 sporadic chordoma cases. Patient characteristics for these cases are summarized in tables 1, 2.
Germline T copy number variations (Cnvs)
We evaluated Cnvs in the T gene in chordoma cases from the two new families and all sporadic cases using a quantitative PCr (qPCr) assay. While the positive control sample (a chordoma case from a family with known T duplication) clearly carried the duplication, none of the familial or sporadic cases examined had the duplication (data not shown). samples with potentially suggestive positive signals were confirmed to be negative using agilent CGH arrays (8 × 60 k) specifically targeting the 6q27 region (average probe spacing, 220 bp).
single nucleotide variants (snvs) in T in chordoma families
We sequenced all T exons in 24 familial chordoma patients plus 54 unaffected family members with Dna available in the eight families, 103 sporadic chordoma cases, and 160 unrelated healthy controls. another common variant, rs1056048, demonstrated a higher risk estimate than rs2305089 in these families (Or = 4.14, 95 % CI = 1.43, 11.92, P = 0.0086). this variant showed only weak linkage disequilibrium (lD) with rs2305089 (r 2 = 0.18). When including both variants in the regression model, the association for rs1056048 remained single nucleotide variants (snvs) in T in sporadic chordoma cases all common T variants seen in the families were also observed in the sporadic cases and controls that were sequenced (table 4) . Four variants showed significant associations after controlling for the false discovery rate (FDr) at 5 % (nominal P < 0.033) when comparing chordoma cases to the controls from this study or esP [4,300 subjects of european ancestry (ea)]. rs2305089 showed the strongest association (Or = 2.85, 95 % CI = 1.89, 4.29). associations for the other three significant variants, including rs1056048, became non-significant when the analysis was conducted conditioning on rs2305089 (table 4) . Interestingly, rs3816300, which was not significant in the univariate analysis, became significant when analyzed jointly with rs2305089 (table 4) . Carrying one risk allele for both variants conferred a similar risk (Or = 11.4, 95 % CI = 3.31, 39.29, P = 0.0001) to having two risk alleles for rs2305089 (Or = 11.52, 95 % CI = 3.83, 34.62, P < 0.0001; table 5). Interestingly, while the risks associated with rs2305089 were similar in all age groups, the association with rs3816300 was significantly stronger in cases with early age onset (P = 0.017), particularly in cases with age at diagnosis younger than 20 years (table 6) . rs3816300 also showed a stronger association in cases with skull-base chordoma compared to those with chordoma in other sites (table 6) . adjusting for age and gender did not substantially alter the results (data not shown). a less common synonymous variant [rs920961, observed 28 times in esP ea (MaF = 0.3 %)] showed a significant association in the case-esP comparison and a suggestive association in the case-control comparison when conditioning on rs2305089 (table 4); the lack of Table 4 all common (reported in esP ea) exonic T sequence variants in sporadic chordoma cases and controls a Ors, 95 %CIs, and P values were obtained using Mantel-Haenszel for the analysis comparing sporadic cases to esP ea controls in logadditive models b Ors, 95 %CIs, and P values were obtained using unconditional regression models comparing sporadic cases to unrelated controls in log-additive models. each snP was analyzed separately in the model c Ors, 95 %CIs, and P values were obtained using unconditional regression models comparing sporadic cases to unrelated controls in log-additive models. each snP was adjusted for rs2305089 in the model Fig. 2 ). In addition to the common variants, we also identified two rare missense variants (g.6:166571981 C>t, p.r377Q; and g.6:166576021 G>a, p.t273 M; nP_003172) and one rare variant (g.6:166581095 C>t) located in the 5′ untranslated region (Utr); each variant was seen in a single sporadic case and no controls (supplementary table 2). the three variants were not reported in 1,000 Genomes Project among europeans or esP ea. Both missense variants were predicted to be deleterious by most of the prediction programs evaluated and are located in moderately conserved regions (supplementary table 2). the 5′-Utr variant (rs3734509) is located in a DnaseI site in enCODe cell lines and overlaps with a bivalent chromatin domain in H1 cells and numerous transcription factor binding motifs (Chadwick 2012; rosenbloom et al. 2013) . In addition, Mutationtaster predicted that this variant could alter splicing which may lead to the loss of the t-box domain. Carriers for the three rare variants were all <35 years at diagnosis and the carrier of p.r377Q had multicentric chordoma (skull-base, lumbar spine, and sacrum). In contrast, among 160 sequenced controls, only one rare variant (rs369239526) was observed in a single subject, but this variant was synonymous and seen three times in esP ea.
Discussion
In this study, we measured Cnvs in the T gene and sequenced all T exons in the largest collection of chordoma families and sporadic chordoma case series reported to date. We identified several variants in the T gene in addition to the previously reported variant rs2305089 that are related to disease risk. Our results also demonstrated that, although germline T duplication is fairly common in chordoma families (44 %), it is extremely rare among sporadic cases, which is consistent with data from previous reports (Presneau et al. 2011; Pillay et al. 2012) .
the risk estimates for rs2305089 were similar in our familial and sporadic case-control comparisons (Or = 2.5-3), although they were much lower compared to what was reported by Pillay et al. (Or = 5.3, 95 % CI = 3.1, 8.9) (Pillay et al. 2012) . the frequency of the risk allele (t) was similar among controls (53 %) in the two studies, whereas the frequencies were higher among chordoma cases in the study of Pillay et al. (2012) (87.5 % in the discovery set and 82.5 % in the replication set) compared to those of the current study (72 and 76 % among Table 6 associations for rs2305089 and rs3810300 by age at diagnosis and tumor site Ors, 95 % CIs, and P values were obtained using unconditional regression models comparing sporadic cases in each age or site stratum to unrelated controls in log-additive models including both rs3816300 and rs2305089 in the model snP age at diagnosis among cases familial and sporadic cases, respectively). It is unlikely that the difference is driven by the variation in patient characteristics, since the association for rs2305089 did not vary by age at diagnosis or site of chordoma in our analysis. small sample size in both studies may at least partially contribute to the variation, although the number of cases in our study doubled that in the study of Pillay et al. Interestingly, in a recent investigation of 65 skull-base chordoma cases and 120 healthy controls among Chinese, rs2305089 was not significantly associated with chordoma risk (Wu et al. 2013) . Given the strong association with this variant observed in our study in which the majority of cases had skull-base chordoma, the lack of association among Chinese is more likely driven by the population difference rather than the site of chordoma. In fact, the frequency of the t allele is much lower among asian (36 %) compared to Caucasians (~50 %). these findings highlight the need of a more comprehensive characterization of T variants rather than genotyping a single variant in different populations.
In the family analysis, both rs1056048 and rs2305089 were associated with chordoma risk. In contrast to what was seen in the sporadic case-control comparisons in which the association for rs1056048 became non-significant after adjusting for rs2305089, analyzing both variants together in families resulted in a significant association for rs1056048 and an attenuated non-significant association for rs2305089. Interestingly, whereas the association for rs2305089 did not vary by family T duplication status, the association for rs1056048 was only seen in families with T duplications. although rs1056048 is a synonymous variant, according to the prediction by the program Mutationtaster (schwarz et al. 2010) , it has the potential to influence splicing which may in turn affect sumoylation and nuclear localization of the protein. In addition, the region containing rs1056048 overlaps with a strong repressive H3K27me3 mark and a binding region for sUZ12, which is essential for polycomb repressive complex 2 (PrC2)-mediated gene silencing. the snP region also maps to a Dnase I site, a poised transcriptional start site and a large CpG island in a number of cell lines such as human embryonic stem cells (H1), which express T, based on enCODe (rosenbloom et al. 2013 ) and nIH epigenomics roadmap data (Chadwick 2012), indicating that this variant may have an important regulatory role(s).
In the sporadic case-control comparisons, although three other common variants in addition to rs2305089 (rs35819705, rs3127328, and rs1056048) showed associations in the univariate analysis, they became non-significant when the analysis was conducted conditioning on rs2305089. However, our data also revealed a novel association with another variant, rs3816300, which was not significant in the univariate analysis but became significant when analyzed jointly with rs2305089. this can be explained by the negative correlation (r = −0.40, P < 0.0001) between the two risk alleles (not in lD, r 2 < 0.1), under which only the joint analysis can detect both associations (Yang et al. 2011) . Because of the strong negative correlation, none of the cases or controls examined were homozygous for both risk alleles. Individuals carrying one risk allele for each variant were associated with a more than tenfold risk, similar to those who were homozygous for rs2305089. these data suggest that the joint analysis of the two variants may provide a more accurate risk estimate. Moreover, the association for rs3816300 showed a significant interaction with age at diagnosis, with association being significantly stronger among cases with earlier age onset. We also observed a stronger association among patients with skullbase chordoma; however, skull-base chordomas are known to have earlier age onset (Chambers et al. 2013 ) and therefore this finding may be driven by age. Consistent with these results, the two familial cases who carried the variant allele both had skull-base chordoma and were diagnosed at young ages (5 and 46 years, respectively).
Our study is not powered for finding significant associations for less common or rare variants. However, the one less frequent variant observed among sporadic cases, rs920961, showed a suggestive association in the caseesP comparison as well as in the case-control analysis conditioning on rs2305089. together with rs2305089 and rs1056048, this variant is located in the t-box of brachyury, which is the Dna-binding domain. although these variants do not appear to be in direct contact with Dna, rs2305089 is predicted to decrease the stability of protein structure using support vector machines leveraging both sequence and structural information (Cheng et al. 2006 ). Our analysis also identified three rare variants that were not reported in 1,000 Genomes Project among europeans or esP ea and may have potential functional relevance based on in silico predictions. Carriers for all three variants were <35 years old at diagnosis, 23 years less than the median age at chordoma diagnosis in the Us (smoll et al. 2013) . In particular, the carrier of p.r377Q had multicentric chordoma, which is extremely rare, suggesting that the etiology of chordoma in these patients is likely to be influenced by genetic factors.
In summary, our findings provide more evidence for the importance of genetic variations in the T gene in the pathogenesis of both familial and sporadic chordoma. the susceptibility related to T, however, appears to be complex, involving multiple mechanisms including T duplication (essentially seen only in families) and multiple common and rare variants. risks associated with some of the variants appear to vary by patient characteristics such as age onset and/or site of chordoma. Future work should focus on functional analyses in cell lines or experimental animals to elucidate the molecular mechanisms underlying these associations and interactions across different variants. analysis of a much larger chordoma dataset is needed to obtain a more precise risk estimate for each identified T variant as well as their interactions and to identify additional variants in T and other susceptibility genes. this will require the establishment of national and international collaborations to study this rare cancer.
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